Background: Increased oxidative stress and inflammation play a critical role in the etiopathogenesis of chronic tendinopathy. Melatonin is an endogenous molecule that exhibits antioxidant and anti-inflammatory activity. The aim of this study was to evaluate the biochemical and histopathological effects of exogenous melatonin administrations in supraspinatus overuse tendinopathy. Methods: Fifty rats were divided into the following four groups: cage activity, melatonin treatment, corticosteriod therapy, and control. Melatonin (10 mg/kg, intraperitoneal; twice a day) and triamcinolone (0.3 mg/kg, subacromial; weekly) were administered to the treatment groups after the overuse period. Biochemical and histopathological evaluations were performed on serum samples and biopsies obtained from rats. Plasma inducible nitric oxide synthase (iNOS), vascular endothelial growth factor (VEGF), total antioxidant status (TAS), total oxidant status (TOS), and oxidative stress index (OSI) levels were evaluated biochemically. Results: The TAS, TOS, OSI, iNOS, and VEGF values were significantly lower than the pre-treatment levels in rats receiving exogenous melatonin treatment (3 or 6 weeks) (p<0.05). TOS, iNOS, VEGF, and OSI values after 3 weeks of triamcinolone administration, and TOS, VEGF, and OSI levels after 6 weeks of triamcinolone application, were significantly lower than the pre-treatment levels (p<0.05). Conclusions: Exogenous melatonin application in overuse tendinopathy reduces oxidative stress and inflammation. Melatonin might be an alternative potential molecule to corticosteroids in the treatment of chronic tendinopathy. (Clin Shoulder Elbow 2019;22(2):79-86)
Introduction
Shoulder overuse tendinopathy is a pathological disorder that disrupts the quality of life and is commonly diagnosed in athletes and people with recurrent overhead activities. 1) Overuse tendinopathy is most commonly observed in the supraspinatus tendon. 2, 3) Chronic tendinopathy causes some alterations such as degeneration of collagen structure, hyperangiogenesis, increased cellularity and biomechanical weakening of the tendon. 3, 4) In chronic tendinopathy, free radicals such as nitric oxide (NO) are released in high amounts due to increased oxidative stress. 5) Chronic tendinopathy treatments aim to reduce inflammation and oxidative stress and prevent the development of irreversible degeneration. Conservative treatment methods include corticosteroid injections, nonsteroidal anti-inflammatory drugs, extracorporeal shock wave therapy, platelet-rich plasma, and physiotherapy regimens. 6) Subacromial corticosteroid injections are an option in the treatment of chronic tendinopathy. However, corticosteroids are reported to trigger complications such as tendon rupture, subcutaneous atrophy, avascular necrosis, dermatitis, skin depigmentation, and periarticular calcifications. 7) Melatonin is an antioxidant and anti-inflammatory molecule secreted from the pineal gland. 8) The protective effects of melatonin have been demonstrated in pathologies such as crush injury or ischemia-reperfusion damage, where increased oxidative stress plays a key role as an etiological factor. 9, 10) To the best of our knowledge, there is no study reported in literature evaluating the effects of melatonin in overuse tendinopathy. The aim of this experimental study was to evaluate the histopathological and biochemical effects of melatonin administration in supraspinatus overuse tendinopathy.
Methods

Study Design
This study was approved by the Ankara Research and Training Hospital Ethical Committee for Experimental Animals (date: 06.03.2014; No. 261). Fifty-five male Sprague-Dawley rats weighing 350 to 400 g were used. The rats were housed at room temperature under 12-hour light/dark conditions, and fed ad libitum. Throughout the study period, all rats were examined daily by a veterinarian. In the pilot study, to ensure that subacromial injections were administered at the correct location, diluted methylene blue injections were administered to 5 randomly selected rats. Shoulder dissection performed after injections confirmed that all injections were accurately administered in the subacromial space. 11) The remaining 50 rats constituted the study groups; 8 rats were left in cage activity (CA) as a sham group for evaluation of overuse activity. For the development of overuse tendinopathy in the remaining 42 rats, the adaptation exercise consisted of treadmill walking at a speed of 17 m/min, 10 minutes a day for 2 weeks, and 5 days a week. Subsequently, the rats were exposed to a downhill run on a 10° decline running platform (Bama Healthcare, Ankara, Turkey) for 4 weeks, 5 days a week, at a speed of 17 m/min. 3) These 42 rats with overuse activity were divided randomly into 3 groups of 14 rats each, and assigned to melatonin treatment (M), corticosteroid therapy (CS), and control (C) groups. Following the overuse activity period, rats were left in normal cage activities. Pharmacological therapy was administered to rats for 3 weeks (M-3, CS-3) or 6 weeks (M-6, CS-6) after completion of the overuse activity. Melatonin (Sigma Chemical Corp., St Louis, MO, USA) was dissolved in 1% ethanol and diluted with 0.09 NaCl solution. It was administered intraperitoneally at a dose of 10 mg/kg every 12 hours. 12) Triamcinolone (Kenacort-A; Deva Holding, Istanbul, Turkey) was diluted using 0.09 NaCl solution for corticosteroid injection; 0.3 mg/kg triamcinolone was injected once a week to the left subacromial area. 11) No other pharmacological treatment was administered to the other control rats (CA, C-3, C-6). After 3 weeks, 7 rats from each group were randomly selected (M-3, CS-3, C-3) for biochemical and histopathological evaluation; the animals were euthanized under general anesthesia after biopsy. Biochemically and histopathologic examination of the remaining 7 rats from each group (M-6, CS-6, C-6) was similarly completed at 6 weeks after the overuse activity ( Fig. 1 ). 
Biochemical Evaluations
For biochemical evaluation, blood samples were collected from all experimental rats (n=50) following termination of the overuse model. Blood samples were centrifuged at 1,000 ×g for 15 minutes at 4°C in the laboratory, and the obtained serum samples were stored at -80°C until further analysis of their vascular endothelial growth factor (VEGF), total antioxidant status (TAS), total oxidant status (TOS), oxidative stress index (OSI), and inducible nitric oxide synthase (iNOS) levels.
Evaluation of Total Antioxidant Status
Plasma TAS levels were measured using the commercial kit developed by Erel (TAS Assay Kit; Rel Assay Diagnostics, Gaziantep, Turkey). 13) This method is based on the principle of reducing the dark blue-green colored 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic acid antioxidant radical in the obtained samples to the colorless form. The absorbance change of samples was measured spectrophotometrically at 660 nm wavelength, and expressed as mmol Trolox equivalent/L. 14) 
Evaluation of Total Oxidant Status
Plasma TOS levels were measured using a commercial kit (TOS Assay Kit; Rel Assay Diagnostics). This technique is based on the principle that oxidants in the obtained samples oxidize the ferrous ion-chelator complex to the ferric ions, resulting in the coloration of formed ferric ions with chromogenic material in an acidic medium. 15) The absorbance change of samples was measured spectrophotometrically at 530 nm wavelength, and expressed as µmol
The levels of TAS and TOS were measured using an auto analyzer (Olympus AU680; Beckman Coulter, Miami, FL, USA). The ratio of the TOS level to the TAS level was calculated as OSI, using the formula: OSI (arbitrary unit)=[TOS (mmol H 2 O 2 equivalent/L)/TAS (mmol Trolox equivalent/L)/100]. 16) 
Evaluation of Inducible Nitric Oxide Synthase
The iNOS levels were measured by the sandwich enzymelinked immunosorbent assay (ELISA). Plasma iNOS levels were analyzed with commercially available assay kits (Rat iNOS Nitric Oxide Synthase Inducible ELISA Kit; Elabscience Biotechnology Corp., Ltd., Wuhan, China). The results were expressed in ng/ ml.
Evaluation of Vascular Endothelial Growth Factor
VEGF levels were measured by sandwich ELISA. Plasma VEGF levels were analyzed with commercially available assay kits (Rat Vascular Endothelial cell Growth Factor ELISA Kit; Elabscience Biotechnology Corp., Ltd.). The results were expressed in ng/ml. Plasma VEGF and iNOS levels were measured using an ELISA microplate strip washer (ELX50; BioTek Instruments, Winooski, VT, USA) and an ELISA microplate reader (ELX800; BioTek Instruments).
Histopathological Evaluations
For histopathological evaluation of the overuse activity, the right supraspinatus tendon of all experimental rats was biopsied (50 rats) on completion of the overuse activity. In the CA group (8 rats), rats were euthanized under general anesthesia after biopsy. Briefly, rats were anesthetized with xylazine hydrochloride (7 mg/kg) and ketamine hydrochloride (60 mg/kg). The biopsy procedure was then performed under sterile conditions. Once anesthetized, an incision was made over the spine of scapula. The extensions of trapezius and deltoid in this region were released. After biopsy, the deltoid and trapezius muscles were sutured back to the scapular spine. 17) The second biopsy was performed using the left supraspinatus tendon to assess the treat- Clinics in Shoulder and Elbow Vol. 22, No. 2, June, 2019 ment efficacy at 3 or 6 weeks following the first biopsy of the rats undergoing overuse activity. The biopsy samples were fixed in 10% buffered formalin solution, following which the specimens were embedded in paraffin. All specimens were stained with hematoxylin and eosin and analyzed under a light microscope by a pathologist who was blinded to the study groups. Histopathological evaluation of the supraspinatus tendon was performed as per the staging system described by Soslowsky et al. 17) Changes in the supraspinatus tendon were assessed by considering 'cellularity, fibroblastic changes, collagen fiber organization and disruption'. Scoring in the staging system is considered as follows: 0, normal; 1, mild change; 2, moderate change; and 3, marked change ( Fig. 2, 3 ).
Statistical Analysis
Statistical analysis was performed using IBM SPSS ver. 21 (IBM Corp., Armonk, NY, USA) for Mac. The Wilcoxon signed-rank test was used to perform intra-group comparisons. The Mann-Whitney U-test was applied to compare scale data between two groups. Chi-square test and generalized McNemar's test compared the histopathological parameters. A p-value of less than 0.05 is accepted as statistically significant.
Results
Results of the biochemical and histopathological evaluations of all groups are summarized in Table 1 , 2.
Evaluation of Overuse Activity
The mean TOS and VEGF values in rats with overuse activity were statistically higher than the CA group (p<0.05). The histopathological stages were significantly different between the group of rats exposed to overuse activity and CA group (p=0.04) ( Table 1) .
Comparison within Each Group
The mean values of TAS, TOS, OSI, iNOS, and VEGF after treatment in the M-3 and M-6 groups were statistically and significantly lower than the pre-treatment period (p<0.05).
The mean TOS, iNOS, VEGF, and OSI values after treatment in the CS-3 group were statistically and significantly lower than the pre-treatment period (p<0.05). In the CS-6 group, the mean TOS, VEGF, and OSI levels after treatment were significantly lower as compared to the pre-treatment period (p<0.05).
The TOS and OSI values 3 weeks after overuse activity (group C-3) and the TAS and VEGF values after 6 weeks of overuse activity (group C-6) were statistically and significantly lower (p<0.05) ( Table 2 ).
Discussion
This study demonstrates that melatonin reduces oxidative damage by decreasing the OSI and iNOS levels in the experimental rat overuse tendinopathy model. In addition, it further demonstrates that melatonin treatment results in a decrease in VEGF levels. These results indicate that melatonin may be an alternative molecule to subacromial corticosteroid injections in the treatment of overuse tendinopathy.
The etiopathogenesis of the commonly encountered chronic tendinopathies is still not fully understood. Recurrent trauma, anatomic features such as acromial shape, age-related tendon damage, acute and chronic inflammation, vascular disorders, and oxidative stress induced tenocyte apoptosis are some of the factors implicated in the development of tendinopathy. 18) Overuse activity is also a frequently associated factor involved in the development of chronic tendinopathy. 2, 18) In recent years, there has been increased interest in experimental studies for evaluating the etiopathogenesis and treatment modalities of supraspinatus tendinopathy associated with overuse. We used the rat overuse model in this study, since the shoulder anatomy of rats is very similar to that of humans. 11, 17) Experimental studies have reported various histopathologic changes in the supraspinatus tendon after overuse activity, such as collagen structure irregularity, increased cell count and vascular structure irregularities. 3) Similar to other researches in literature, this study confirms the development of histopathological disorders in rats after overuse activity. Increase in the metabolic activity due to exercise leads to increased oxidative stress, 16) which in turn is implicated in literature as one of the factors involved in the development of tendinopathy. 19, 20) This study demonstrates that the oxidative load is increased in rats with chronic overuse activity.
Melatonin, an endogenous indolamine, has regenerative and protective properties in peripheral tissues. 9) The protective effect of melatonin on peripheral tissues is indicated by inhibi-tion of the production of free oxygen radicals, the activation of antioxidant enzymes and a synergistic effect with other antioxidants. 10, 21) Experimental studies have demonstrated the antiinflammatory and antioxidant effects of melatonin in conditions such as crush injury, acute exercise, and ischemia-reperfusion injury, where increased oxygen radicals and widespread inflammation play a role in the physiopathology. 10, 22) In this study, the role of melatonin in the treatment of chronic tendinopathy was explained by considering the role of inflammation and increased oxidative stress in the pathogenesis of overuse tendinopathy.
NO, a diatomic, highly reactive free radical, is produced by the nitric oxide synthases (NOS) enzyme family. 5) The NOS enzyme family comprises of the iNOS, endothelial NOS, and neuronal NOS forms. 8) The effects of NO vary according to concen- tration levels. High levels of NO are associated with increased inflammatory response, increased oxidative stress, cytotoxicity and metalloproteinase activation. 5,23) Szomor et al. 5) reported an increase in iNOS mRNA expression in samples obtained from the supraspinatus muscles of rats after 4 weeks of overuse activity. In the current study, no significant difference was found in plasma iNOS levels in rats subjected to overuse activity. This may be due to the fact that systemic iNOS levels do not reflect the expression of iNOS in the local tissue. One important effect of melatonin is the inhibition of NO production. 8) Experimental studies have reported that melatonin reduces the anti-inflammatory and antioxidant effects by decreasing iNOS expression in peripheral tissues. 24) Our study shows that the application of exogenous melatonin in rat overuse tendinopathy reduces the plasma iNOS levels. To the best of our knowledge, this study is the first to evaluate application of exogenous melatonin in a rat overuse model. It has also been reported in literature that corticosteroids inhibit iNOS expression in peripheral tissues. 25) In the current study, serum iNOS levels were decreased in the CS-3 group. However, in contrast to the CS-3 group, iNOS levels in the CS-6 group did not change when compared to the pre-treatment levels. This condition may be related to the timedependent effects of corticosteroids, and the change in the response of the damaged tissue to corticosteroids as the treatment process progresses. Thus, it can be said that melatonin and subacromial corticosteroid injections have a similar effect on iNOS regulation. Histopathologically, degeneration and repair are seen concurrently in overused tendons. Some parts of the tendon reveal microtears in the collagen bundle, hypocellularity, fibrocartilaginous metaplasia and necrosis, while hypercellularity, fibrosis, and fibroblastic proliferation are seen in other areas. 5) One of the pathological changes in overuse tendinopathy is hypervascularity. VEGF, a potent angiogenic cytokine, is responsible for the increased vascularity in overuse tendinopathy. 4) Perry et al. 1) reported that overuse tendinopathy in rats resulted in increased VEGF expression. Increased VEGF expression has also been reported in patients with patellar tendinopathy. 4) In our study, the plasma VEGF levels in rats subjected to overuse activity were assessed to be about 2-fold higher than the CA group.
Corticosteroids are frequently used in the treatment of chronic inflammatory diseases. One of the most important effects of corticosteroids is to inhibit the expression of multiple inflammatory genes. 26) Suppression of VEGF, which plays a critical role in the etiopathogenesis of chronic inflammatory diseases, is one of the appropriate therapeutic approaches. 27) Thus, corticosteroids are a suitable pharmacological agent for the treatment of chronic tendinopathy. VEGF is a component of the physiological inflammatory response in the early period. 4) Therefore, similar to poldeoxyribonucleotides, VEGF plays an important role in triggering angiogenesis in the early phase of tissue injury healing. 28, 29) Therefore, these factors need to be considered in corticosteroid treatment.
Recent studies concerned with tumoral angiogenesis have discussed the association of melatonin with VEGF. 30) It has been reported that melatonin suppresses VEGF expression in cancerous tissues. 31) Our study similarly shows that exposure to melatonin reduces the plasma VEGF levels in the rat overuse tendinopathy model. A similar relationship in this study was also observed in rats receiving triamcinolone therapy. In literature, experimental studies have reported that corticosteroids inhibit the VEGF induced angiogenesis. 32, 33) Reducing VEGF release using melatonin and corticosteroids may therefore be critical for controlling hyperangiogenesis, which is one of the components of tendinopathy.
The most appropriate factor indicating the relationship between oxidant and antioxidant status is OSI. 16, 34) Antioxidant status is directly related to oxidative stress. This study suggests that OSI levels decrease significantly in rats receiving melatonin treatment. Moreover, antioxidant status was also unexpectedly decreased in these rats, which may possibly be due to decreased oxidative stress.
In this study, overuse activity resulted in significant histopathological changes in the tendon structure. Melatonin and corticosteroid therapy exert histopathological effects on the structure of the tendon, which are positive but not statistically significant. We suggest a few reasons for this situation. Damage to the tendon after overuse may be reversible or irreversible. Other shoulder evaluation for biopsy may have caused the histopathological evaluation to be suboptimal. One of possible reason of minimal histological improvement may be that the grade of tendinopathy in experimental group is not severe. Hence, the treatment effect may not be up to expectation. In this study, tendinopathy could be severe by designing a study using models in which the impingement syndrome is developed by combining intrinsic and extrinsic mechanisms. 17, 35) Melatonin has a plasma half-life of about half an hour, which makes it highly safe and non-toxic even at high doses. 36) For this reason, in our study, we assessed the application of exogenous melatonin as 3 or 6 weeks apart. Plasma OSI, iNOS, and VEGF levels were decreased in both the 3-and 6-week administrations of melatonin. On the other hand, there was no general difference between the 3-and 6-week applications of melatonin. No toxic effects were observed in any rat during the 6-week pharmacological treatment. Therefore, we believe that melatonin may be suitable for long time treatment of chronic tendinopathy in rats.
This study has some limitations. Although the anatomy of the shoulder of rats is similar to that of humans, the development of tendinopathy may not be identical due to the characteristics of walking on four legs. Second limitation is that the histopathological evaluation of the rats was made from the contralateral ten-don. This method was chosen to avoid histopathologic misevaluation due to possible fibrosis, adhesions and inflammation developed in tissues after the initial surgery. Another limitation of the study is that the hematological parameters in the C-3 and C-6 groups do not overlap. In the C-3 and C-6 groups, all hematological parameters were decreased after surgery compared to the preoperative period. However, some results were not statistically significant. This condition may be related to the relatively small sample size for subgroup analysis. The objective biochemical and histopathologic evaluation of the overuse model, allowing for short and long term applications, can be considered the strong points of the study.
Conclusion
Exogenous melatonin administration leads to a decrease in plasma iNOS, VEGF, and oxidative stress parameters. Melatonin may be a potent molecule in the treatment of chronic tendinopathy with its antioxidant and anti-inflammatory activity.
